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Submerged jetAbstract This paper is focused on local scour downstream of adverse stilling basins where a sub-
merged wall jet issued from a sluice gate. Experiments were conducted in a wide range of Froude
numbers, grain sizes, tailwater depths, and stilling basin slopes. The results showed that the scour
proﬁles at any bed slope follow shape similarity. However, the longitude evolution of scour proﬁles
and the volume of eroded materials were increasing in accordance with slope of basin. A polynomial
equation was derived to deﬁne the non-dimensional proﬁles under different slopes. The time evolu-
tion of scour hole dimensions and the equilibrium state were deﬁned. It was found that under a spe-
ciﬁc condition of sediment grain size, approaching Froude number, the length and slope of adverse
basin, the scour depth at the downstream of adverse basin, initially increases with tailwater depth,
and after reaching its maximum value decreases to a constant value. It was also observed that the
maximum depth of scour hole was decreased as the length and slope of stilling basin increased,
whereas the longitudinal dimensions of the hole were increased. It was found that the maximum
depth of scour hole occurs at the vicinity of side walls with slight decrease in the centerline. Finally,
a power equation was expressed to fully deﬁne the dimensions of scour hole, time scale and geom-
etry of sluice gate.
 2014 Production and hosting by Elsevier B.V. on behalf of Ain Shams University.1. Introduction
Local scour at the vicinity of hydraulic structures is considered
as an important phenomenon which may endanger the stabil-
ity of such structures. Hydraulic jump at the downstream of
stilling basin with high velocities causes high local shear stress
which generally exceeds the threshold shear stresses of bed
materials. If the depth of scour hole is large enough, the stabil-
ity of upstream stilling basins may be endangered. Therefore,
preventing precautions has to be considered in designing of
stilling basins to ensure their stability under scour evolution.
The prediction of maximum depth of local scour at down-
stream of hydraulic structures is as a common problem in river
Nomenclature
a0–3 coefﬁcients ()
Cu uniformly coefﬁcient ()
do a dimension related to the linear dimensions of the
sluice gate (do = 2w), (L)
D10 10% ﬁner sediment size (L)
D15.9 15.9% ﬁner sediment sizes (L)
D50 median sediment size (L)
D60 60% ﬁner sediment size (L)
D84.1 84.1% ﬁner sediment size (L)
Fr1 approaching Froude number (–)
Fo densimetric Froude number Fo ¼ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
gðss1ÞD350
p
 
(–)
g acceleration due to the gravity (L T2)
k factor in scour development relationship ()
L length of stilling basin (L)
q ﬂow discharge per unit width of the rectangular
basin (L2 T1)
So slope of stilling basin ()
t time from beginning of scour development (T)
T0 time taken for the maximum scour depth to equal
do (T)
Vs(t) volume of scour hole per unit width at time t (L
2)
w gate opening (L)
xm horizontal distance of maximum scour depth from
the stilling basin at time t (L)
xme horizontal distance of maximum equilibrium scour
depth from the stilling basin (L)
xs length of scour hole at time t (L)
xse length of scour hole at equilibrium stage (L)
y1 ﬂow depth at the vena contracta (L)
yme maximum equilibrium local scour depth (L)
ym maximum scour depth at time t (L)
yt tailwater depth (L)
a exponent in scour development relationship ()
h angle of the basin slope ()
e factor ()
/ angle of repose ()
m ﬂuid kinematic viscosity (L2 T1)
q mass density of ﬂuid (M L3)
qs mass density of sediments (M L
3)
rg geometric standard deviation ()
362 J. Farhoudi, H.K. Shayanengineering. The scour phenomena at the downstream of grade
control structures have absorbed wide attentions by various
researchers. Laursen [1] was probably, the ﬁrst who reported
the similarity of scour proﬁles developed by a horizontal jet,
without any theoretical implication. Breusers [2] investigated
the time variation of scour hole due to the ﬂow over and under
an estuary closure structure in absence of hydraulic jump. He
suggested a power-law equation to estimate the scour depth at
any time. Farhoudi and Smith [3] applied the ﬁndings of Bre-
users [2] to determine the time scale of scour hole downstream
of an Ogee spillway. Hassan and Narayanan [4] studied the
ﬂow characteristics and the similarity of scour proﬁles down-
stream of an apron due to a submerged jet issuing from a sluice
gate. Farhoudi and Smith [5] reported the scour process down-
stream of hydraulic jump featuring the characteristic parame-
ters of scour hole. They demonstrated that the development of
local scour hole downstream of an apron in the passage of time
shows a certain geometrical similarity where a non-dimen-
sional scour proﬁle could be deﬁned by an uniﬁed equation.
Dargahi [6] presented an experimental study to examine the
similarity of scour proﬁles and the scour geometry. No exper-
imental evidence was found in support of the similarity
assumption for temporal development of the scouring process.
Power-law type equations were introduced to predict the
geometry of scour hole, mainly in terms of affecting variables
such as, ﬂow depth over the spillway crest and sediment size.
Dey and Sarkar [7] carried out an experimental investigation
under different parameters affecting the depth of scour hole
downstream a submerged horizontal jets. Certain geometrical
similarity in scour proﬁles at different times was exhibited
and expressed by a combination of two polynomials. Dey
and Sarkar [8] investigated the effect of upward seepage on
the scour hole at the downstream of an apron due to sub-
merged jets. They reported that the maximum scour depth in-
creases linearly with increase in upward seepage velocity.
Oliveto et al. [9] in their work did not report any similarityfor scour hole proﬁles at the downstream of spillway with po-
sitive-step stilling basin. Helal [10] studied experimentally the
effect of single line of ﬂoor water jets on the scour hole dimen-
sions and observed signiﬁcant reduction in maximum depth of
scour hole and its location from the ﬂoor by using this sug-
gested system. Abdelhaleem [11] studied experimentally the
inﬂuence of semi-circular bafﬂe blocks on local scour down-
stream of a Fayoum type weir. He has reported the signiﬁcant
inﬂuence of bafﬂe blocks on the scour hole dimensions. At the
presence of bafﬂe blocks, both upstream and downstream
slopes of the scour hole increases but the downstream slope
is steeper than the upstream.
It is understood that any alterations in channel geometry,
would change the characteristics of hydraulic jump and there-
fore its inﬂuences on vicinity of such structures. Hydraulic
jump on an adverse slope is an interesting phenomenon which
affects the sequent depths, energy loss and length of stilling ba-
sins. The weight of water on adverse stilling basins, decreases
the sequent depths, the length and the energy loss of the
hydraulic jump. Consequently, this phenomenon can shorten
the stilling basin and the height of side walls hence, optimiza-
tion of construction costs. However, a hydraulic jump on an
adverse slope is an unstable phenomenon which causes some
complexities in controlling the jump which is the core of many
reports published by several researchers in the past decades
[12–15]. This phenomenon may increases the geometrical char-
acteristics of scour hole. Therefore, the results of these two re-
ciprocal effects have to be studied to achieve some novel
recommendations for designers.
In this paper, the scour phenomenon at the downstream of
adverse stilling basins issuing from a submerged sluice gate
was investigated. The purpose of this research is to understand
the effect of adverse rigid apron on the similarity of scour pro-
ﬁles. Also, experimental data were used to present some empir-
ical equations for estimating the scour characteristics at semi-
equilibrium stage and the time scale of scour hole.
Figure 1 (a) Experimental setup and (b) schematic of scour hole.
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From dimensional analysis, the effective parameters on the
scour phenomenon can be expressed as (see Fig. 1b):
Fðq; m; yt; g; q;L; tan h;w;D50; qs; rg;Cu; tan /; ym; xm; xs; tÞ ¼ 0
ð1Þ
where q is mass density of water, m is kinematic viscosity, g is
acceleration due to the gravity, / is angle of repose, h is slope
angle of the adverse rigid apron and t is the time parameter. In
turbulent ﬂows, m has a minor effect and can be relaxed. Also,
due to the uniformity of type of used sediments, the effects of
qs, rg, Cu and / could be overlooked. Considering ym (maxi-
mum scour depth), xm (horizontal distance of maximum scour
depth from the stilling basin), xs (length of scour hole) as
dependent parameters and using the Buckingham P theorem,
we could conclude:
xm
w
;
ym
w
;
xs
w
¼ f tan h; yt
w
;
L
w
;Fr1;
t
t0
;
D50
w
 
ð2Þ
where f is an unspeciﬁed function and t0 ¼ ytﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
g
qs
q1ð ÞD50
p . It is as-
sumed that the above dependent parameters would be propor-
tional to the product of some powered dimensionless
parameters as:
xm
w
¼ k1ð1þ tan hÞa1 yt
w
 a2 L
w
 a3
ðFr1Þa4 t
t0
 a5 D50
w
 a6
ð3:aÞym
w
¼ k2ð1þ tan hÞb1 yt
w
 b2 L
w
 b3
ðFr1Þb4 t
t0
 b5 D50
w
 b6
ð3:bÞ
xs
w
¼ k3ð1þ tan hÞc1 yt
w
 c2 L
w
 c3
ðFr1Þc4 t
t0
 c5 D50
w
 c6
ð3:cÞ
in which ki; ði ¼ 1; 2; 3Þ and aj, bj, cj, (j= 1, 2, 3, 4, 5, 6) are
coefﬁcients which should be determined from experiments.3. Experimental layout
In order to evaluate the scour proﬁles downstream of sub-
merged sluice gate with adverse rigid apron, some experiments
were conducted in a rectangular Plexiglas-walled ﬂume of
4.9 m long and 0.41 m width and 0.8 m high which was sub-
jected to a recirculation ﬂow system. A schematic plot of
experimental setup is shown in Fig. 1. a. A sluice gate with
opening (w) of 1.4, 2, and 2.5 cm was installed at upstream
of an adverse stilling basin with 1.18 m length. Several bed
slopes (So = tan h) of 0.156, 0.0956, 0.0764, 0.0532,
0.0316, 0.0129, and 0 were used for the stilling basin. A
box of 0.15 m depth and 1.8 m length placed downstream of
the basin across the whole width of the ﬂume and ﬁlled with
of sediment. In order to have a mobile bed, three uniformly
graded sand of mean diameters D50 = 1.78, 1.11, 0.58 mm
with mass density of qs = 2650 kg/m
3 were used to ﬁll the sed-
iment box. The geometric standard deviation of the sand
Table 1 Ranges of different parameters in this study.
Parameter D50 (mm) So = tan h Lw ytw Fr1
Range of variation 0.58 (D141), 0.156, 0.0956, 47.2, 59.05, 1.74–15.19 3.78–11.14
1.11 (D11), 0.0764, 0.0532, 84.3
1.78 (D3) 0.0316, 0.0129, 0
Figure 2 Particle size distributions of different sediment
samples.
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ﬃﬃﬃﬃﬃﬃﬃ
D84:1
D15:9
q
(D84.1 and D15.9 are 84.1% and 15.9% ﬁner sedi-
ment sizes, respectively) was approximately smaller than the
threshold value proposed by Breusers and Raudkivi [16]
(rg = 1.35). Moreover, since the uniformity coefﬁcients
Cu ¼ D60D10 (D60 and D10 are 60% and 10% ﬁner sediment sizes,
respectively) are less than 2, the sand materials can be consid-
ered as uniform [17]. A sand trap was placed downstream of
the alluvial bed to prevent any intrusion of the ﬁne sand into
the ﬂow system. Experiments in a wide range of sediment size
(D50), bed slope (So = tan h), gate opening (w), approaching
Froude number (Fr1 ¼ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
gy3
1
cos h
p ), and tailwater depth (yt) were
performed, summarized in Table 1 (q is ﬂow intensity and y1 is
ﬂow depth at the vena contracta after the sluice gate). Fig. 2
shows the size distribution of used sediments. A hinged tailgate
was used for adjustment the tailwater depth. The discharge
was measured by a V-notch weir and its accuracy was checked
by an electromagnetic ﬂowmeter. The free surface proﬁles were
measured using a point gauge within accuracy of ±0.1 mm. In
order to avoid the undesirable erosion of sediment at the
beginning of each experiment, the ﬂume was slowly ﬁlled with
water prior to each run. Once the water level reached to a de-
sired depth, the experiment was commenced. Based on work
conducted by Farhoudi and Smith [3,5], each test was carried
out over a period of 24 h. Although, the equilibrium scour con-
dition was not attained in this period, it was sufﬁcient for most
of the tests to reach a semi-equilibrium state of scouring. The
two-dimensional scour proﬁles were obtained at different times
for a period of 24 h by applying the technique of digital pho-
tography analysis. Fig. 3 shows the typical time variation of
scour holes for (So = 0.156, Fr1 = 8.53, D50 = 1.78 mm,
and L
w
¼ 84:3). It is noteworthy to mention that some dunes
were observed with ﬁner sediment (i.e. D50 = 0.58 mm). It
should be noted that the developed dunes downstream of scourholes in experimental works, may not occur in natural situa-
tions as reported by Balachandar et al. [18].
Fig. 4 shows a 3D development of scour hole. It can be seen
that the maximum depth of scour hole at any distance from the
basin occurs at the vicinity of channel side walls and decreases
to the centerline. This is probably due to random velocities at
the downstream of hydraulic jump. A set of ﬂow lines tend to
channel side walls and cause severe erosion in these areas.
Eroded sediments are piled up at the centerline and decrease
the scour depth in this section. Consequently, the above 3D
scour proﬁles give the maximum erosion of the scour hole
for a conservative design.
4. Results and discussion
4.1. Instability of free hydraulic jump on adverse stilling basins
Establishing the adverse hydraulic jump requires to over-
come the water weight upon stilling basin. Consequently,
it would be needed that the jump has a minimum hydrody-
namic force at the supercritical section. The minimum re-
quired value of approaching Froude number depends on
the length and slope of stilling basin. Increase in the length
needs to more hydrodynamic force for exclusion the water
volume on the basin. Fig. 5 shows a typical effect of unsta-
ble adverse hydraulic jump on the scour process with time.
It is possible to provide a required approaching Froude
number (Fr1 = 10.02) and establishing the hydraulic jump
at the start of the test (Fig. 5a). The hydraulic jump moved
to the sediment bed due to the change in tailwater depth
with scour progress and resulted severe erosion (Fig. 5b
and c). For this reason, all experiments were conducted un-
der submerged ﬂow conditions. It is strongly recommended
that the upward stilling basins are used by an end sill or
bafﬂe blocks.
4.2. Scour proﬁles
Fig. 3 depicts the typical scour proﬁles. The scour proﬁles
are dependent on time, sediment grain size and ﬂow condi-
tions. However, it can be expected that a similarity would
exist among time dependence scour proﬁles which could be
presented by a single curve using appropriate variables.
Temporal maximum depth of scour (ym) was used to nor-
malize the length and depth of scour hole (x, y), at different
times. Some researchers have proposed non-dimensional
coordinates as x
xm
; y
ym
 
and x
xs
; y
ym
 
to normalize the scour
proﬁles. The experimental values of y
ym
against x
ym
at different
slopes of stilling basin are plotted in Fig. 6. It is shown that
the scour proﬁles at various times are shape similar in their
nature. Attempts were made to develop an equation to
Figure 3 Scour hole proﬁles at different times (So = 0.156, Fr1 = 8.53, D50 = 1.78 mm, and Lw ¼ 84:3).
Figure 4 3D development of scour hole for a) So = 0.156 and D50 = 1.11 mm and (b) So = 0.076 and D50 = 0.58 mm.
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nomial order, as:
y
ym
¼ a0 þ a1 x
ym
þ a2 x
ym
 2
þ a3 x
ym
 3
ð4Þ
where a0, a1, a2, and a3 are dependent on the slope of stilling
basin. Assigning K1 ¼ xmym and K2 ¼
xs
ym
and using the boundary
conditions of scour proﬁle, the above coefﬁcients were deter-
mined as follows (Fig. 1b): At upstream face of the scour hole, O(0, eym):
e ¼ a0 þ 0þ 0þ 0! e ¼ a0 ð5Þ
 At the maximum depth of scour hole, M(K1ym, 1):
1 ¼ eþ a1K1 þ a2K21 þ a3K31 ! a1K1 þ a2K21 þ a3K31
¼ e 1 ð6Þ
 dydx ðx ¼ xmÞ ¼ 0 :
Figure 5 Time progress of scour hole at the downstream of free
hydraulic jump on adverse stilling basin (S0 = 0.053).
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dx
¼ a1 þ 2a2 x
ym
þ 3a3 x
ym
 2
ð7:aÞ
0 ¼ a1 þ 2a2K1 þ 3a3K21 ! a1 ¼ 2a2K1  3a3K21 ð7:bÞ
 At the downstream face of the scour hole, S(K2ym, 0):
0 ¼ eþ a1K2 þ a2K22 þ a3K32 ð8:aÞ
a1K2 þ a2K22 þ a3K32 ¼ e ð8:bÞ
Therefore, the unknown coefﬁcients a0, a1, a2, a3 and a3 are
deﬁned as:a0 ¼ e ð9:aÞ
a1 ¼
eK31 þ ðe 1Þ 2K32  3K1K22
 
K41K2  2K21K22 þ K1K32
ð9:bÞ
a2 ¼
2eK31 þ ðe 1Þ 3K21K2  K32
 
K41K2  2K31K22 þ K21K32
ð9:cÞ
a3 ¼
eK31  ðe 1Þ 2K21K2  K1K22
 
K51K2  2K41K22 þ K31K32
ð9:dÞ
To involve the effect of upstream structure dimensions on
the scour similarity, non-dimensional coefﬁcients K1 and K2
could be determined by plotting the experimental values of
xm
w
and xs
w
against the corresponding values of ym
w
, respectively.
Figs. 7 and 8 depict the values of K1 and K2 at different adverse
slopes. Using average values of K1 and K2, a general scour pro-
ﬁle for all slopes, was obtained and depicted in Fig. 6. Varia-
tion of K1 and K2 with respect to stilling basin slopes (So)
can be extracted from Figs. 9 and 10 as:
K1 ¼ 12:51S2o  6:189So þ 2:745 R2 ¼ 0:996 ð10Þ
K2 ¼ 2:107a tan ð44:61SoÞ þ 6:95 R2 ¼ 0:993 ð11Þ
Table 2 presents the coefﬁcients a0, a1, a2, and a3 related
with the slope of stilling basin. Also, general scour proﬁle for
all slopes of stilling basin and proposed values by Dey and Sar-
kar [7] for scour proﬁles at the downstream of horizontal rigid
apron are presented in Table 2.
To make quantitative evolution in the accuracy of different
methods for estimating the temporal scour proﬁles, two statis-
tical parameters were used, i.e. correlation coefﬁcient (R2) and
standard error (SE). In Table 3 values of R2 and SE for differ-
ent non-dimensional scour proﬁles are presented. The results
indicate a good application of proposed scour proﬁles for
any slope of stilling basin. Consequently, it would be seen that
the temporal scour proﬁles with different bed slopes have sim-
ilar shapes. On the other hand, as the slope of the adverse ba-
sin increases the coefﬁcient K1 = xm/ym and K2 = xs/ym,
increase. Therefore with the increase in adverse slope the scour
hole develops longitudinally, resulting in decrease of the devel-
opment rate of the hole depth.
Integrating of temporal scour proﬁles (Eq. (4)) gives the
time dependent total volume of scour per unite width (Vs(t))
as:
VsðtÞ ¼
Z x¼xs
x¼0
ydx ¼ y2m
Z x¼xs
x¼0
y
ym
 
d
x
ym
 
¼ y2m aoK2 þ
a1
2
K22 þ
a2
3
K32 þ
a3
4
K42
 
ð12Þ
With the coefﬁcient known and from Figs. 7 and 8, depen-
dent on basin slope, the volume variation of transported sed-
iments from the scour hole, which depends on the maximum
slope and depth of the hole at each time, can be determined
from Eq. (12). Eq(12) shows that VsðtÞ
y2m
 
increases with the
longitudinal dimension of scour proﬁle. Eq. (12) was used
to plot Fig. 11 and the best ﬁtting curve has the following
equation:
VsðtÞ
y2m
¼ 6:056 1:536e12:42So R2 ¼ 0:992 ð13Þ
Figure 6 Non-dimensional scour proﬁles at the downstream of different slopes of stilling basin.
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crease in basin slope results in increase of the transported sed-
iment volume from unit width of the hole. This due to
ampliﬁcation of the longitudinal development of the hole as
the slope of the adverse basin increases.
4.3. Scour hole dimensions
From multiple regression analysis of experimental data, Eq.
(3), would fall in followings:xm
w
¼ 4:51ð1þ tan hÞ0:503 yt
w
 0:752 L
w
 1:161
ðFr1Þ1:46079
 t
t0
 0:271
D50
w
 0:475
ð14:aÞym
w
¼ 0:486ð1þ tan hÞ0:342 yt
w
 0:635 L
w
 1:006
 ðFr1Þ1:528 t
t0
 0:271
D50
w
 0:538
ð14:bÞ
Figure 7 Variation of xm
w
with ym
w
at the downstream of different slopes of stilling basin.
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w
¼ 0:281ð1þ tan hÞ0:464 yt
w
 0:638 L
w
 0:279
ðFr1Þ1:549
 t
t0
 0:255
D50
w
 0:403
ð14:cÞ
It was assumed that the scour hole reaches to a quasi-equi-
librium depth within 24 h. However, it should be noted that
this would be a conservative assumption particularly for longi-
tudinal length. The equilibrium maximum depth of scour hole
is approximately constant, while the scour proﬁle would be
changing. One should note that, the equilibrium time is depen-
dent on sediment size and ﬂow conditions. Based on these con-
siderations, the following relationships were derived to
estimate the dimensions of scour hole at semi-equilibrium
stage (xme, yme, xse):
xme
w
¼ 91:562ð1þ tan hÞ0:124 yt
w
 1:029 L
w
 0:944
 ðFr1Þ1:52 D50
w
 0:327
ð15:aÞyme
w
¼ 13:018ð1þ tan hÞ0:614 yt
w
 0:888 L
w
 0:753
 ðFr1Þ1:403 D50
w
 0:367
ð15:bÞxse
w
¼ 29:069ð1þ tan hÞ0:679 yt
w
 0:881 L
w
 0:452
 ðFr1Þ1:466 D50
w
 0:291
ð15:cÞ
Using the experimental data, ym
w
and yme
w
are computed from
Eqs. (14.b) and (15.b), respectively. The results were then com-
pared with observations as shown in Fig. 12. The regression
coefﬁcient (R2) and standard error (SE) between the observed
and computed values which showed a good agreement between
Eqs. (14.b) and (15.b) with experimental data. The experimen-
tal record downstream of horizontal rigid aprons (zero slope),
would follow the following expressions:
xm
w
¼ 0:177 yt
w
 0:956 L
w
 0:818
ðFr1Þ0:937 t
t0
 0:214
D50
w
 0:321
ð16:aÞ
Figure 8 Variation of xs
w
with ym
w
at the downstream of different slopes of stilling basin.
Figure 9 Variation of K1 with So. Figure 10 Variation of K2 with So.
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Figure 12 (a) Comparison of themaximum scour depths (ym) at the
downstream of all slopes computed using Eq. (14.b) with the
experimental data and (b) comparison of the maximum equilibrium
scour depths (yme) at the downstream of all slopes computed using
Eq. (15.b) with the experimental data.
Table 2 The coefﬁcients a0, a1, a2, and a3 related with the
slope of stilling basin.
So a0 a1 a2 a3
0.156 0.05 0.6257 0.1218 0.0059
0.096 0.05 0.6969 0.1511 0.0081
0.076 0.05 0.6764 0.1424 0.0074
0.053 0.05 0.7722 0.1856 0.0111
0.032 0.05 0.7281 0.1651 0.0093
0.013 0.05 0.6661 0.1381 0.0071
0 0.05 0.753 0.1737 0.0093
General scour proﬁle 0.05 0.6958 0.1507 0.0081
Dey and Sarkar [7] 0.05 0.7169 0.1595 0.0087
Figure 11 Variation of VðtÞ
y2m
with So.
Table 3 Coefﬁcients of different equations for non-dimen-
sional scour proﬁles.
Type of scour hole SE R2
Dey and Sarkar [7] 0.123 0.881
General scour proﬁle 0.110 0.906
Proposed scour proﬁles for any bed slope 0.085 0.943
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w
¼ 0:027 yt
w
 0:968 L
w
 0:717
ðFr1Þ0:983 t
t0
 0:237
D50
w
 0:362
ð16:bÞ
xs
w
¼ 0:131 yt
w
 0:852 L
w
 0:468
ðFr1Þ0:909 t
t0
 0:216
D50
w
 0:358
ð16:cÞFigure 13 (a)Comparisonof themaximumscourdepths (ym) at the
downstream of horizontal stilling basin computed using Eq. (16.b)
with the experimental data and (b) comparison of the maximum
equilibrium scour depths (yme) at the downstream of horizontal
stilling basin computed using Eq. (17.b) with the experimental data.and at equilibrium phase,
xme
w
¼ 3:059 yt
w
 0:503 L
w
 0:643
ðFr1Þ0:999 D50
w
 0:228
ð17:aÞ
yme
w
¼ 0:732 yt
w
 0:98 L
w
 0:532
ðFr1Þ0:482 D50
w
 0:245
ð17:bÞ
xse
w
¼ 3:923 yt
w
 0:318 L
w
 0:364
ðFr1Þ0:942 D50
w
 0:249
ð17:cÞ
In application of Eqs. (14)–(17), the followings ranges have
to be considered:
0  tan h  0:156
1:74  yt
w
 15:19
3:78  Fr1  11:14
0  t
t0
 821298
47:2  L
w
 84:3
0:023  D50
w
 0:127
8>>>><
>>>>>:
ð18Þ
Investigation on local scour downstream of adverse stilling basins 371The corresponding magnitudes of regression correction and
standard error in Fig. 13 show an acceptable agreement be-
tween experimental and computed values.
4.4. Effects of different parameters on scour hole dimensions
As it was shown in pervious sections, the evolution of scour
hole is closely affected by several parameters such as tailwater
depth, approaching Froude number, sediment grain size and
geometry of stilling basins. This section would be devoted toFigure 14 Variation of the depth and longitudinal dimensions of th
stilling basin (So = 0.096).
Figure 15 Variation of the depth and longitudinal dimensions of the
stilling basin.detail the effects of above mentioned parameters on the char-
acteristics of scour hole.
4.4.1. Effect of tailwater depth
Eqs. (14.b) and (15.b) indicate that the equilibrium scour depth
increases as the tailwater depth is decreased which contradicts
with those reported for horizontal aprons as is reported by
Dey and Sarkar [7] and shown in Eqs. (16.b) and (17.b) which
could be attributed to some features of adverse basins. As it is
clear that the hydraulic jump in adverse stilling basins is ane scour hole with tailwater depth at the downstream of adverse
scour hole with tailwater depth at the downstream of horizontal
372 J. Farhoudi, H.K. Shayanunstable phenomena due to a driving force (pressure force at
the approaching section) which makes it different from that
horizontal stilling basin. Therefore, at low tailwater depths,
the hydraulic jump would be repelled out of the stilling basin
where the driving forces would be dominant contributing to in-
tense erosion in sand bed. As the tailwater depth increases, the
opposing forces (due to pressure force and the volumetric
weight of water) overcome the driving forces which tend to sta-Figure 16 Effect of sediment size on scour hole dimensions at the do
Figure 17 Effects of length and slope of advebilize the hydraulic jump inside the apron. The result would be
a decrease in effective bed shear stress on the hole which tends
to decrease the maximum depth of scour hole and attain a con-
stant value. Fig. 14a shows the dependence of normalized
scour depth yme
w
 
on relative tailwater depth yt
w
 
at the down-
stream of adverse stilling basin with So = 0.096 and
Fo ¼ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
gðss1ÞD350
p ¼ 8; 10; 12. Fig. 14b and c shows the similar ef-wnstream of adverse stilling basin (Fr1 ¼ 11; ytw ¼ 6 and Lw ¼ 84:3).
rse stilling basin on scour hole dimensions.
Figure 18 Time variation of scour hole dimensions for 54 h test.
Figure 19 Variation of k and a with So.
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hole with tailwater depth. Fig. 15a depicts the effect of tailwa-
ter depth on the maximum equilibrium scour depth at the
downstream of horizontal rigid aprons. It is shown that the
scour depth initially decreases with increasing in tailwater
depth and after a certain tailwater depth, tends to increase.
This trend was also reported by Ali and Lim [19] and Dey
and Sarkar [7]. Fig. 15b and c shows that longitudinal
dimensions of scour hole increases by increasing in the tail-
water depth.
4.4.2. Effect of sediment grain size
Fig. 16 shows the inﬂuence of grain size on evolution of scour
hole. The plot demonstrates an increasing trend for maximumscour depth with reduction of grain size. Clearly, this would be
attributed to imposed resistance of larger sized particles during
the phenomenon. Consequently, as the grain size decreases, the
location of maximum scour depth, would move toward down-
stream of the reach resulting a larger length of scour hole.4.4.3. Effects of the geometry of adverse stilling basin
It was observed that as the length and slope of stilling basin
increase, the scour hole attains a reduced maximum depth
and longer length at the downstream face, as shown in
Fig. 17. As the adverse slope or the length of the stilling ba-
sin increases, the ﬂow piles up in the basin and impinges the
movable bed some distance away from the stilling basin
which leaves the hole with a longer length and a smaller
depth.4.5. Time evolution of scour hole
The typical 54 h time evolution of scour hole with its maxi-
mum depth (ym), the length of upstream face (xm), the length
of downstream face (xs) and volume per unit width (Vs) are
shown in Fig. 18. The inspection of Fig. 18, showed that
xmðt¼24 hÞ
xmðt¼54 hÞ
¼ 0:863; ymðt¼24 hÞ
ymðt¼54 hÞ
¼ 0:875; xsðt¼24 hÞ
xsðt¼54 hÞ
¼ 0:846 and Vsðt¼24 hÞ
Vsðt¼54 hÞ
¼
0:79 where, the indices of t24 h and t54 h indicate the maximum
geometric characteristics of the hole after 24 h and 54 h,
respectively. Balachandar and Kells [20] reported that the max-
imum depth of scour hole and its non-dimensional volume fol-
lows a power-law relationship with time, at a semi-equilibrium
stage after 144 h.
Farhoudi and Smith [3] suggested the following equation to
deﬁne the time evolution of scour hole downstream of an ogee
spillway:
ym
do
¼ k t
t0
 a
ð19Þ
where do is a characteristic depth taking the half of spillway
height, T0 is the time length at which the scour depth reaches
Table 4 Comparison of k and a at the downstream of
different hydraulic structures.
Type of hydraulic
structure
Researcher a k
Estuary closure structure
without any hydraulic jump
Breusers [2] 0.38 1
Spillway Farhoudi and Smith [3] 0.19 1
Spillway with positive-
step stilling basin
Oliveto et al. [9] 0. 2 0.92
Sluice gate with
horizontal rigid apron
Present study 0.32 0.986
374 J. Farhoudi, H.K. Shayanto do, t is the time at which the maximum scour depth, ym, is
achieved, k and a are coefﬁcient to be determined.
In present study, based on Eq. (19) do was taken as do = 2w
where w is the opening of sluice gate. The time T0, then was
determined as:
T0 ¼ 10:345ð1þ tan hÞ1:357 L
w
 3:556
D50
w
 1:481
yt
w
 3:346
ðFr1Þ5:628
ð20Þ
Coefﬁcients k and a was determined as a function of the slope
of stilling basin as shown in Fig. 19 and mathematical given in
Eqs. (21.a) and (21.b):
k ¼ 15:856S2o  0:452So þ 0:986 ð21:aÞ
a ¼ 1
3:08 12:86So  46:26S2o
ð21:bÞ
It is seen from Fig. 19, k and a have a decreeing trend with
So. Therefore, the required time to reach a certain depth of
scour hole would be much more than that for horizontal still-
ing basin downstream of both sluice gates and spillways, as
demonstrated in Table 4.
It should be mentioned that all the proposed criteria in the
present study are valid in the range of limitations mentioned in
Table 1 and Eq. (18).
5. Conclusion
This research analyzes the scour geometry at the downstream
of adverse stilling basins. Tests were conducted for clear-
water conditions. Seven adverse slopes and three sediment
grain sizes were tested under different tailwater depths. The
tests indicate that the temporal scour proﬁles at downstream
of stilling basins with any bed slope follow a similar shape,
which can be deﬁned by a polynomial equation. However,
the longitude evolution of scour proﬁle is in direct relation
with the slope of the stilling basin. It was observed that the
volume of scour hole downstream of an adverse stilling basin
is larger than that of horizontal aprons which is the conse-
quence of severe longitudinal development at downstream
face of a scour hole.
Based on experimental results, some regression relation-
ships were suggested to estimate the temporal characteristic
dimensions of a scour hole at the semi-equilibrium stage. Itwas observed that the maximum depth of a scour hole de-
creases as the length and slope of the stilling basin increase,
while the longitudinal dimensions of the hole were increased.
Under speciﬁc conditions at the downstream of adverse stilling
basins, the depth of scour hole pertains a maximum value and
then decreases to reach a constant value as the tailwater depth
increases. Finally, the time variation of scour depth has been
scaled by a power-law equation. The coefﬁcients of this equa-
tion fall in a decreasing trend as a function of the slope of the
adverse stilling basin.
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